ABSTRACT Advances in gut microbiota research have triggered interest in developing colon butyrate producers as niche-specific next-generation probiotics, targeted at increasing colon butyrate production and countering disease-associated microbiota alterations. Crucial steps in the development of next-generation probiotics are the design of formulations with a reasonable shelf life as well as the safety demonstration of an intervention in healthy volunteers. One such potential next-generation butyrate-producing probiotic is Butyricicoccus pullicaecorum 25-3 T , with demonstrated safety in in vitro as well as animal models. Here, we examined the strain's safety, tolerability, and impact on microbiota composition and metabolic activity in healthy volunteers in a randomized, double-blind, placebo-controlled crossover study in 30 healthy volunteers. The study design consisted of two 4-week intervention periods (10 8 CFU B. pullicaecorum [treatment] or maltodextrin [placebo] per day) with a 3-week washout in between. We assessed adverse events, blood parameters (primary endpoints), and fecal microbiota composition and metabolite profiles (secondary endpoints). The number of reported adverse events during the B. pullicaecorum treatment was similar to that of placebo intervention, as were observed changes in blood chemistry parameters, bowel habits, and fecal calprotectin concentrations. Administration of the strain did not induce any disruptive effect in microbiota composition or metabolic activity. In this first human intervention trial with a butyrateproducing Clostridium cluster IV isolate, we demonstrated B. pullicaecorum 25-3 T administration to be both safe and well tolerated by healthy participants. This safety study paves the way for the further development of the strain as a next-generation probiotic.
tions in the composition or metabolic activity of health-associated microbiota. The results presented pave the way for the exploration of the impact of the strain on microbiota alterations in a clinical setting.
D
ue to its close association with host health, the human gut microbiota is widely considered a promising target for preventive and therapeutic interventions (1) (2) (3) . Based on the assumption of a causal or cocausal implication of microbiota alterations in the development or persistence of suboptimal health or disease conditions, several approaches to modulate the composition or metabolic activity of the gut microbial community have been proposed (4) . Such microbiota modulation strategies aim at restoring ecosystem eubiosis by introducing or promoting growth of beneficial bacteria or bacterial consortia (5, 6) . Ultimately, even the replacement of a dysbiotic bacterial community by a health-associated microbiota through fecal transplantation can be envisaged (7) .
A long-standing microbiota modulation approach is the use of probiotics, live microorganisms that, when administered in adequate amounts, confer a health benefit on the host (6) . For many years, probiotic research has mainly-although not exclusively (8, 9 )-revolved around bifidobacteria and lactic acid bacteria (6) . Lately, however, following up on new insight into the interactions between the gut microbiota and the human host, a whole new range of gut isolates have drawn the attention of the probiotic community (10) . Such next-generation probiotics are rather broadly defined as probiotics that have not been used as agents to promote health to date (10) . A particularly interesting category of such potential next-generation probiotics comprises Clostridium cluster IV/XIVa colon butyrate producers (11) . The rationale underlying this interest is straightforward: butyrate is the major energy source for colonocytes, influences cell differentiation, and strengthens the epithelial defense barrier (12, 13) . Notwithstanding some noteworthy exceptions (14) , butyrate has repeatedly been shown to reduce intestinal inflammation (13) , as reflected in the decreased abundance of butyrate producers in feces of inflammatory bowel disease (IBD) patients (15, 16) . Hence, the administration of colon butyrate producers could become an essential part of IBD management by counteracting dysbiosis and promoting overall gut health (17) .
Isolated from the cecum of broiler chickens (18) , Butyricicoccus pullicaecorum 25-3 T is a Gram-positive, strictly anaerobic Clostridium cluster IV bacterium that produces high levels of butyrate (18) . Following up on its observed reduced relative abundance in fecal samples of IBD patients (19) , the safety and probiotic potential of the strain have been assessed throughout a series of in vitro and animal experiments. Whole-genome sequencing indicated B. pullicaecorum to be nonvirulent, with limited antibiotic resistance potential (20) . B. pullicaecorum safety has been demonstrated in rats through both standard acute and 28-day repeated oral dose toxicity tests (20) . The bacterium was shown to be intrinsically tolerant to stomach and small intestine conditions (21) . Regarding its potential anti-inflammatory properties, B. pullicaecorum cell culture supernatant enhanced barrier integrity in inflamed CaCo-2 epithelial cells (19) . Overall, B. pullicaecorum has gained the status of a promising exponent of the recent wave of next-generation probiotics that are currently making their way into clinical practice.
Here, in line with the recommendations of World Health Organization (22), we assessed the safety and tolerability of B. pullicaecorum in an exploratory phase 1 trial (ClinicalTrials.gov identifier NCT02477033). First, we up-scaled production of the strain and designed a protocol allowing stable encapsulation. Next, we performed what is to our knowledge the first randomized, double-blind, placebo-controlled crossover trial in healthy volunteers with a butyrate-producing Clostridium cluster IV bacterium. Evaluation endpoints comprised the impact of B. pullicaecorum administration on subjects' health, fecal microbiome composition, and stool metabolome profiles. The present study represents a crucial step in the ongoing exploration of the probiotic potential of B. pullicaecorum.
RESULTS
A stable Butyricicoccus pullicaecorum formulation. Given the often strict anaerobic metabolism of the bacterial strains of interest (23) , production and conservation represent major challenges in the development of next-generation probiotic formulations suited for human consumption. Here, we cultured B. pullicaecorum 25-3 T under anaerobic conditions, and the lyophilized culture was used to fill hydroxypropyl methylcellulose (HPMC) capsules at a concentration of 10 8 CFU/capsule-the maximal dose that fit in the capsules. Sealed and coated capsules remained intact after 2 h in 0.1 M HCl and disintegrated after 17 min at pH 6.8. Capsules were stored in aluminum sachets at 4°C. Eight months after production (4 months after completion of the study), bacterial viability was assessed as a measure for product stability. On average, capsules were found to contain 6.7 ϫ 10 7 CFU (67% viability), indicating an acceptable shelf life of the probiotic formulation.
Administration of Butyricicoccus pullicaecorum is safe and well tolerated. To evaluate safety of B. pullicaecorum administration, we set up a randomized, doubleblind, placebo-controlled crossover trial with healthy volunteers. Thirty healthy subjects (16 female and 14 male; age, 22 to 52 years; body mass index [BMI], 18.9 to 27.8 kg/m 2 ) were recruited and randomized over two intervention sequences between February and June 2014. Both groups were balanced according to gender, age, BMI, and smoking habits (Table 1 ). In addition, no differences in medication intake were detected (chisquare test [ 2 ] ϭ 0.14 and P ϭ 0.712, with intake of medication affecting intestinal transit or gut microbiota among the exclusion criteria [ Table 1 ]), and participants were instructed to follow their usual diet throughout the study. The study setup covered a 1-week run-in and two 4-week intervention periods, each followed by a washout of 3 weeks (Fig. 1) . Two subjects from one group dropped out of the study due to antibiotic treatment during the first intervention period and were excluded from further analyses. Compliance rates were similar between the treatment and placebo intervention periods (98% of capsules provided were effectively taken in both groups). Baseline values of the study's primary outcome variables did not differ significantly from those observed after each washout period, implying that no carryover effects between both interventions were to be expected.
Daily administration of B. pullicaecorum capsules for 4 weeks was well tolerated by all participants. No severe adverse events (SAEs) were reported, and the numbers of reported adverse events (AEs) did not differ significantly between the treatment and placebo periods (Table 2 ). Participants maintained their normal bowel habits (stool frequency and consistency and occurrence of abdominal pain, bloating, or other abdominal pain) during the B. pullicaecorum intervention ( Table 2 ). Changes in fecal calprotectin levels upon treatment did not differ from those observed over the placebo intervention, indicating that B. pullicaecorum administration did not elicit intestinal inflammation: the median was 1.1 g/g (interquartile range [IQR], Ϫ4.3 to 14.4 g/g) versus 8.5 g/g (IQR, 6.7 to 46.5 g/g) (P ϭ 0.264). Finally, no alterations in variation of a Intake of medication known to affect microbiota composition or gastrointestinal transit time (including antibiotics, prebiotics, and other probiotics) the preceding month or during the study was part of the exclusion criteria.
blood chemistry parameters encompassing hematology values, liver and kidney function, blood minerals, and lipids were observed when comparing placebo and treatment interventions (see Table S1 in the supplemental material). The primary endpoints of the study were thus successfully met. Responded to the advertisement n=145
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Randomized n=30
Allocated to Probiotic -Placebo n=15
Allocated to Placebo -Probiotic n=15
Completed study n=13
Completed study n=15
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Drop-out: antibiotics intake n=2 Butyricicoccus pullicaecorum administration does not disrupt microbial community structure. Next, we assessed the potential impact of B. pullicaecorum administration on the health-associated microbiota community structure as reflected in fecal material from healthy volunteers. The microbiome composition of 188 out of 196 fecal samples collected during the intervention trial fell within the ranges of normal variation as observed within the Flemish Gut Flora Project data set (24) (8 samples had a read count of Ͻ10,000 and were excluded from analyses) ( Fig. 2A) . To quantify the effect of B. pullicaecorum supplementation on community structure, we compared microbiome dissimilarities (beta-diversity, expressed as Bray-Curtis dissimilarity index) between the start and the end of each intervention period. We could not observe any difference between the impact of probiotic treatment and placebo (Wilcoxon signed-rank test, r ϭ Ϫ0.01, P ϭ 0.94). Likewise, compared to placebo, the probiotic did not affect community stability, as reflected by microbiome richness (Chao1, r ϭ Ϫ0.05, P ϭ 0.747 [ Fig. 2B ]) or evenness (Pielou, r ϭ Ϫ0.16, P ϭ 0.250). B. pullicaecorum administration did not cause any significant changes in abundances of single genera (see Table S2 in the supplemental material). Of note, no accumulation of the treatment genus over the intervention study was observed (r ϭ Ϫ0.12, P ϭ 0.363 [ Fig. 2B]) , indicating transient colonization of the ecosystem. Overall, we can state that the B. pullicaecorum formulation administered was well tolerated both by the healthy human participants and by their health-associated intestinal microbiota.
Fecal metabolite profiles remain stable throughout Butyricicoccus pullicaecorum intervention. As compositional microbiome stability does not necessarily exclude fluctuations in microbiota metabolic activity, we assessed the impact of the B. pullicaecorum intervention on fecal metabolite profiles. In total, we relatively quantified 314 volatile organic compounds (VOCs) in 140 samples (study visits V1, V3, V4, V6, and V7) from 28 study volunteers, with an average of 88 VOCs per sample. Nineteen VOCs were detected in all samples, 55 occurred in Ͼ80% of the fecal aliquots analyzed, and 64 were characterized as sample specific. Changes induced in the number of VOCs (Fig. 3) . Accordingly, probiotic treatment did not lead to significant shifts in metabolite relative concentrations compared to placebo and baseline samples (redundancy analysis [RDA], P ϭ 0.468).
To investigate the potential impact of B. pullicaecorum administration on gut saccharolytic and proteolytic fermentation processes, absolute quantification of a number of selected marker metabolites was performed. The short-chain fatty acids (SCFAs) acetate, propionate, and butyrate were included as indicators of saccharolytic fermentation, while dimethyl sulfide, p-cresol, indole, and the branched-chain fatty acids (BCFAs) isobutyrate and isovalerate reflect proteolytic metabolism (25) . Probioticinduced variation in selected marker metabolite concentrations did not differ significantly from fluctuations observed over placebo intervention (Table 3) . Of note, also fecal butyrate was not differentially affected by B. pullicaecorum and placebo interven- tion (two-sample t test, P ϭ 0.613). Overall, we can conclude that B. pullicaecorum consumption did not significantly alter microbial metabolite profiles as observed in fecal material from healthy individuals.
DISCUSSION
Advances in gut microbiota research have revived interests in developing novel probiotic applications. While preclinical evidence in vitro or in animal models has been shown for several of such next-generation probiotics, few have been tested in humans (10) . These include Clostridium butyricum MIYAIRI 588 (Clostridium cluster I), demonstrated as safe in vitro and in rodents (26) and moderately effective in treating Helicobacter pylori infections (27) , antibiotic-associated diarrhea (28) , and preventing formation of postsurgery pouchitis in ulcerative colitis patients (29) , and Bacteroides xylanisolvens DSM 23694, which induced generation of antibodies against the cancerspecific antigen TF␣ (30) . Given the reported anti-inflammatory properties of butyrate (13) and the decreased abundances of butyrate-producing bacteria observed in IBD patients (15, 16) , colon butyrate producers are particularly promising as niche-specific next-generation probiotics. Administration of probiotic colon butyrate producers could potentially exert beneficial effects in patients, reducing intestinal inflammation and restoring eubiosis. B. pullicaecorum 25-3 T has been demonstrated to be safe in in vitro as well as animal models (20) . The strain is intrinsically tolerant to the harsh conditions of the stomach (low pH) and the small intestine (presence of bile salts and pancreatic enzymes), indicating the potential to reach the colon in a viable and metabolically active state (21) . In addition, the supernatant of the cultured strain also reduced inflammation and prevented epithelial integrity loss in human cell lines (31) . However, production and conservation of strictly anaerobic probiotic bacteria for human consumption remain challenging. Here, we first cultured B. pullicaecorum 25-3 T , followed by encapsulation (10 8 CFU) and pH-resistant coating. Eight months after production (4 months after completion of the study), viability remained at 67%, indicating stability and an acceptable shelf life of the probiotic formulation (32) .
Next, we performed a randomized, double-blind, placebo-controlled crossover trial with 30 healthy volunteers. Very high compliance rates were attained (98% of the capsules provided were effectively taken), and no carryover effects were detected. The primary endpoints of the study were achieved, with daily administration of B. pullicaecorum being safe and well tolerated, as determined by the absence of differences between the probiotic and placebo interventions in the occurrence of (severe) adverse events, blood chemistry parameters, changes in bowel habits, and intestinal inflammation markers. While we would envisage reduced intestinal inflammation in patients with gastrointestinal inflammation, no changes were expected in the present safety trial with healthy individuals.
Secondary endpoints of the study included effects of the probiotic formulation on microbiota composition and metabolic activity. B. pullicaecorum administration did not disrupt microbial community structure, and no alterations in relative abundances of specific microbial taxa were detected. Furthermore, there was no accumulation of Butyricicoccus sequences over the intervention, and thus, we can conclude that the probiotic did not persist in the colon of the study participants. The microbial metabolic activity also remained stable throughout the intervention. No significant increase in fecal butyrate levels measured was detected after probiotic compared to placebo intervention. While we cannot rule out this being a consequence of the probiotic dosage used in the study, fecal measurements have been challenged as a readout of colonic microbial butyrate production. As up to 95% of SCFAs are estimated to be rapidly absorbed by colonocytes, the fraction excreted in feces only reflects the ratio between production and absorption rates and not the in situ production of the metabolites (26) .
In conclusion, this randomized placebo-controlled crossover study demonstrated safety of B. pullicaecorum 25-3 T administration to healthy subjects. The strain is not only well tolerated by the human host, but also does not cause any disruptive changes in the composition or metabolic activity of a health-associated gut microbiota. Hence, as a further step in the development of B. pullicaecorum as a next-generation probiotic, an intervention study using a therapeutic dosage of the strain grown in an adjusted, food-grade culture medium in a clinical setting can be envisaged to study the strain's effect on disease-associated microbiota alterations and the accompanying impact on host health and well-being.
MATERIALS AND METHODS

Study design. (i) Study population.
Thirty healthy subjects were recruited among students of the KU Leuven and employees of the University Hospital of Leuven. All subjects were generally healthy, had a regular eating pattern, were free of medication affecting intestinal transit or gut microbiota, and did not take any pre-, pro-, or antibiotics during the month preceding the study. None of the subjects had a history of gastrointestinal (GI) disease (IBD, IBS [irritable bowel syndrome], or diarrhea) or abdominal surgery (with the exception of appendectomy). Additional exclusion criteria were following a weight loss diet during the month preceding the study, maintaining strict dietary habits (e.g., veganism), pregnancy or breastfeeding, and intake of more than 10 alcoholic drinks per week. Subjects were instructed to maintain their usual diet during the study period and to avoid any intake of pre-and other probiotics. The study was approved by the Ethics Committee of the University Hospitals Leuven (ML9449). All subjects gave their written informed consent prior to enrollment. The trial was registered at ClinicalTrials.gov (NCT02477033).
(ii) Study product. The bacterial strain Butyricicoccus pullicaecorum 25-3 T (LMG 24109 T ; CCUG 55265 T ) was cultured in M2GSC broth at pH 6 for 24 h at 37°C under anaerobic conditions (84% N 2 , 8% CO 2 , 8% H 2 ) as described by Miyazaki et al. (27) , with the addition of 15% (vol/vol) clarified rumen fluid instead of 30%. After overnight incubation, bacteria were collected by centrifugation (10 min, 5,000 ϫ g, 37°C), resuspended in a lyoprotectant (consisting of horse serum supplemented with 7.5% trehalose and 1 mg/ml cysteine-HCl, pH 6). All manipulations were performed under anaerobic conditions (84% N 2 , 8% CO 2 , 8% H 2 ). The suspensions were freeze-dried overnight using an Alpha 1-2 LDplus (Christ, Osterode, Germany) freeze drier under default operation conditions. Cultivability of the strain was determined through anaerobic plating of serial dilutions on M2GSC agar (16) . Hydroxypropyl methylcellulose (HPMC) size 0 capsules were manually filled with 400 mg lyophilized product at a concentration of 10 8 CFU/ capsule. The capsules were sealed and coated with a pH-resistant coating consisting of the enteric polymer cellulose acetate phthalate (CAP) and the plasticizer diethyl phthalate by SEPS Pharma NV (Ghent, Belgium). Placebo capsules were filled with maltodextrin (Paselli MD 6; Avebe, Veendam, The Netherlands) and coated as described above. All capsules were stored in heat-sealed aluminum sachets at 4°C. Eight months after capsule production, bacterial viability was determined as a measure for product stability.
(iii) Study setup. The study was set up as a randomized, double-blind, placebo-controlled crossover trial, conducted between February and June 2014. Study design included a 1-week run-in period and two interventions of 4 weeks, each followed by a washout of 3 weeks (Fig. 1 ). Volunteers were randomly allocated to one of the randomization groups at a 1:1 ratio, starting with either the probiotic or placebo intervention period. Block randomization of the subjects was performed by an independent researcher who was not involved in the study using an online randomization tool (www.randomization.com) with a fixed block size of four, stratified for sex and visit sequence. Probiotic and placebo capsules were sealed in identical containers and appointed to the subjects by the independent researcher. Subjects as well as the study researchers were blind to the intervention sequence until termination of all analytical assessments. During the run-in week, study volunteers were asked to fill in a defecation journal and GI questionnaire. After the run-in period, participants visited the lab to provide a fasted blood sample and to deposit a fecal sample collected in the 24 h preceding the visit and stored intermediately at 4°C. During the first intervention period, subjects consumed daily one capsule containing the bacterial strain (10 8 CFU [treatment intervention]) or maltodextrin (placebo intervention) at breakfast for 4 weeks. After a washout period of 3 weeks, subjects switched to the alternative intervention again for 4 weeks, followed by a final 3-week washout. Fecal and blood samples were collected after weeks 2 and 4 of the intervention periods and at the end of each washout period. During the week preceding sampling, participants kept a defecation journal and completed a GI questionnaire. At each lab visit, subjects were asked to report changes in medication and the occurrence of adverse events during the preceding period. Adverse events were categorized and graded on their severity according to the Common Terminology Criteria for Adverse Events version 4 (28) . Participants were instructed to return the remaining capsules after each intervention period to check compliance.
(iv) Study endpoints. The primary endpoint of the trial was the assessment of safety and tolerability of B. pullicaecorum administration in healthy subjects. To do so, GI complaints, stool parameters, blood parameters, and fecal calprotectin concentrations were determined. As secondary outcome variables, the impact of the bacterial strain on microbial composition and activity was assessed.
Analytical methods. (i) Defecation journals. Defecation journals contained daily information on stool frequency, stool consistency (Bristol stool score), and GI symptoms, such as abdominal pain and bloating. Parameters were averaged per week to obtain one value per parameter for each study visit. Additionally, participants reported symptom scores at the end of each week based on overall abdominal pain, bloating, defecation and stool specifications, and abdominal complaints during that week.
(ii) Blood parameters. Hematological parameters, liver and kidney function parameters, and blood lipids and minerals were quantified using standard laboratory techniques.
Corresponding loading plots showing the metabolites were used to identify components accounting for that discrimination. The influence of probiotic treatment on metabolite profiles was determined by redundancy analysis (RDA) using the vegan R package (35) .
Data availability. Data have been made available at the European Nucleotide Archive under accession no. PRJEB29261.
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